The impact of SiN x gate insulators on amorphous indium-gallium-zinc oxide thin film transistors under bias-temperature-illumination stress
ZnO-based semiconductor thin film transistors ͑TFTs͒ are promising candidate that can be incorporated in a variety of electronic applications, such as large area display panels ͑active matrix liquid crystal displays ͑AMLCDs͒ and organic light-emitting diodes͒. The major attractive aspects are the possibility of fabricating devices at relatively low temperatures and realistic production costs. 1, 2 Intensive researches have been carried out up to date on the performance of oxide semiconductor TFTs. [3] [4] [5] [6] [7] [8] Although the electrical performance is acceptable, the poor stability of oxide semiconductor TFTs with respect to bias stress still remains a crucial problem that inhibits the realization of commercial products.
Recently, a number of groups have studied the stability of ZnO-based oxide TFTs under constant gate bias and/or drain current. [9] [10] [11] [12] [13] [14] The devices were observed to exhibit positive shifts in the threshold voltage ͑V th ͒ under positive gate bias and/or drain current as a function of stress time. The origin of the V th shift has formerly been investigated with various stress experiments, using different oxide semiconductors, [6] [7] [8] passivation layers, 12 environments, 17 and gate insulators. 13 In addition, many efforts have been made in order to suppress the degradation of TFTs by adopting impermeable passivation layers, 15, 16 robust semiconductors, 7, 8 stable TFT structures, 14 and suitable gate insulator materials. 13 However, most of the above studies have been carried out without the presence of external light. In a real working AMLCD panel, the TFT array is exposed to photon radiation emanating from the backlight unit underneath, and the switching TFT spends most of its lifetime experiencing a negative gate bias that maintains the "off" state of the pixel. It is thus important to examine and improve the stability of the device under negative bias stress with the presence of light radiation to simulate real operating conditions.
In this work, the stability of amorphous InGaZnO ͑a-IGZO͒ TFTs is investigated with respect to various SiN x gate insulators under bias-temperature-illumination stress ͑BTIS͒. In particular, an attempt is made at correlating the device stability with the gate dielectric's properties such as film stress, optical constants and hydrogen content.
The detailed device schematics and fabrication procedure are described in a former publication. 2 TFTs were prepared using three different 400 nm thick SiN listed in Table I . The active a-IGZO film was deposited by radio frequency ͑rf͒ magnetron sputtering at room temperature, with thickness 70 nm. After patterning the source-drain electrodes, a 200 nm thick SiO x passivation layer was grown by PECVD at 150°C. The electrical characterization of a-IGZO TFTs was carried out using previous conditions 22 ͑V GS = −20 V, V DS = 10 V, substrate temperature of 60°C, and luminance of 180 lm/ m 2 ͒. In order to examine the gate dielectric properties independently, three different 400 nm thick SiN x films ͑named A-C hereafter͒ were deposited separately onto 4 in. Si ͑001͒ wafers. The film stress was measured first, and subsequent vacuum ultraviolet ͑VUV͒, spectroscopic ellipsometry ͑SE͒, x-ray photoemission spectroscopy ͑XPS͒, time-of-flight secondary ion mass spectroscopy ͑TOF-SIMS͒, and Fourier transform-infrared ͑FT-IR͒ analysis were performed to study the properties of the above SiN x films. Figure 1 illustrates the transfer curves that exhibit parallel shifts as a function of the BTIS time. As the stress time increases, the V th shifts in a negative direction without significant variations in the fe , SS, and I on/off ratio. In terms of the origin of V th instability, it was suggested in previous reports that simple charge trapping in the gate dielectric and/or at the channel/dielectric interface is dominant compared to the creation of defects within the oxide semiconductor channel. 12 In addition, the insets in Fig. 1 show the negative V th shifts with different SiN x gate insulators as a function of BTIS times. The film stress values for A, B, and C SiN x are Ϫ1410 MPa ͑compressive͒, Ϫ890 MPa ͑com-pressive͒, and 333 MPa ͑tensile͒, respectively ͑Table I͒. The amount of V th shift with the tensile C SiN x film is smaller than that with the compressive A and B SiN x dielectrics. One may thus conjecture that the device stability may be closely related to the properties of the SiN x films, as more compressive gate insulators are accompanied with larger V th shifts.
The density and composition of thin films are reported to be related with the refractive index ͑n͒ by the LorentzLorenz law and Gladstone Dale model. 17, 18 The dielectric function ͑ = 1 + i 2 ͒ is also a function of the refractive index ͑n͒ and absorption index ͑k͒, the latter being affected by variations in electronic, ionic, and space charge polarization. 19 Because the above parameters may have an important influence on the properties of the SiN x insulators. VUV and SE measurements were performed in the energy range from 0.75 to 8.5 eV with incident angles of 50°, 60°, and 70°. The refractive index ͑n͒ and dielectric function ͑͒ were carefully extracted by the Tauc Lorentz model with multilayer structure comprised of graded layers. Figure 2͑a͒ shows the refractive index measurement results for SiN x films with tensile and compressive stress, respectively. Each set of data includes the refractive index of the top and bottom layers in accordance with the graded multilayer model in the direction of film depth. The SiN x films with tensile stress exhibit a uniform distribution of refractive index throughout the entire film, unlike those under compressive stress. Moreover, larger average refractive index values of the top and bottom layer were obtained for tensile SiN x films, of which the difference is ϳ0.07Ϯ 0.01. As a result of comparison, higher n values for tensile SiN x imply higher film density and uniform distribution of dielectric properties along the thickness. The density is higher by approximately 0.4 g / cm 3 in the tensile films than the compressive ones, which is calculated by the Gladstone-Dale model based on the difference in refractive index. It is also good agreement with the result of XPS ͑not shown here͒, showing that N/Si ratios in tensile and compressive films are 1.13 and 1.3, respectively. In addition, as shown in Fig. 2͑b͒ , TOF-SIMS measurements show that the compressive SiN x films have higher hydrogen contents throughout the entire thickness range. Usually, the SiN x films with higher silicon-rich and lower hydrogen exhibit higher refractive index and tensile stress behavior like previous reports. 20, 21 At this point it is speculated that these optical and compositional characteristics of SiN x films may be accompanied with different trapping and detrapping characteristics at the interfacial region between the active a-IGZO and SiN x gate insulator. Figure 3 shows the FT-IR spectra, with significant differences in the three SiN x films, to investigate the hydrogen bonding states. The compressive SiN x films ͑A and B͒ ex hibit smaller Si-H absorption peaks and higher N-H and NH 2 absorption intensities than tensile films. As the SiN x films become more compressive, the overall N-H related absorption intensity increases. It is thus speculated that most of the hydrogen form N-H bonds in compressive SiN x films, resulting in poor device stability compared to that with tensile films. This implies that higher N-H bond concentrations may generate large amounts of charge trapping sites in a-IGZO TFTs that incorporate SiN x gate insulators, which deteriorate the device under BITS conditions.
Recently, it has been suggested a possible explanation of the negative BTIS phenomena in a-IGZO TFTs, that photogeneration of carriers and subsequent temporal charge trapping may be responsible for the enhanced V th negative shift 22 because the water molecules supplied by the ambient would generate metastable gap states under moisture ambient. However, in this case, there are no metastable gap states resulting from water related trap sites. On the other hand, like silicon metal-oxide-semiconductor field-effect-transistor ͑MOSFET͒, 23, 24 it indicates that photogenerated carriers with positive charge would interact and/or combine with nitrogen and/or nitrogen related hydrogen trap sites because the activation energy of positive charge trapping reaction in Si-H is higher than that in N-H site. Therefore, it would be that the C SiN x gate insulators ͑tensile, relatively low hydrogen content͒ show superior results in the device stabilities, compared to the A and B films ͑compressive, relatively high hydrogen content͒.
In the present work, the stability of a-IGZO TFTs fabricated with various SiN x gate insulators were investigated under BTIS conditions. As the film stress of SiN x gate insulator becomes more tensile, the amount of negative V th shift drastically decreases from Ϫ14.34 to Ϫ6.37. The compressive films display a nitrogen-rich phase and relative high hydrogen contents, which may provide charge trapping sites during negative bias stress. In addition, the compressive SiN x films also contain relatively high concentrations of hydrogen in the form of N-H bonds, inducing larger negative V th shifts in a-IGZO TFTs under negative BTIS. This suggests that the nitrogen and/or N-H related traps may play a dominant role in the degradation of the devices, for example by generating positive charge trapping sites. From the above results it is anticipated that the selection and/or optimization of gate insulator properties will help to improve the device reliability in oxide TFTs. 
